O ne of the major limitations to cancer immunotherapy is overcoming the myriad of mechanisms that tumors use to subvert the antitumor immune response (1) (2) (3) . One such mechanism is thought to be mediated by extracellular adenosine derived from hypoxic tumor cells, which upon binding to the G protein-coupled A 2A and A 2B receptors on T cells, inhibits T cell proliferation and IL-2, TNF-␣, and IFN-␥ secretion (4 -8) . Indeed, in a CL-8 murine melanoma tumor model, pharmacological inhibition of the A 2A and A 2B receptors in vivo inhibits tumor growth in a CD8 ϩ T cell-dependent fashion (9) . In addition, complete tumor rejection was seen in A 2A R Ϫ/Ϫ mice (9) . These results suggest that adenosine may play a pivotal role in tumor-mediated immune suppression and as such, may be a pharmacological target to enhance antitumor immunity (10 -12) .
Pericellular adenosine is generated, in part, through a catabolic ectonucleotide cascade, whereby ATP is first hydrolyzed by the ectonucleotidase CD39 to its nucleoside monophosphate AMP, which is subsequently degraded to the nucleoside adenosine by membrane bound or soluble CD73 (13) (14) (15) . In addition to generating adenosine, the elimination of pericellular ATP through hydrolysis may also lead to immune suppression by mechanisms independent of adenosine. For example, ATP itself is a "danger signal", inducing dendritic cell chemotaxis and maturation (16 -18) . In addition, FoxP3 ϩ regulatory T cells (Tregs) 3 are particularly sensitive to ATP (in comparison to conventional T cells, for example), undergoing necrotic cell death mediated by ATP binding to the P2X7 receptor (19) . Taken together, the hydrolysis of ATP by CD39 and CD73 could induce immune suppression through 1) adenosine-mediated inhibition of T cell proliferation; 2) loss of the ATP danger signal; and 3) protecting the viability of the immune suppressive Tregs.
We and others have recently shown that murine FoxP3 ϩ T cells suppress T cell proliferation and cytokine production, in part, through an adenosine-dependent pathway (20, 21) . As we have also shown that T cells infiltrating human B cell follicular lymphomas (FL) are hyporesponsive to anti-CD3/CD28 Ab stimulation, (as measured by proliferation and cytokine production), due in part to infiltrating Tregs, we hypothesized that ATP hydrolysis and the subsequent generation of adenosine may contribute to the profound anergy of tumor derived T cells in human FL (22) . Indeed, our research demonstrates the following: 1) FL infiltrating T cell hyporesponsiveness can be partially reversed in a subset of patient samples by either blockade of the A 2A and A 2B adenosine receptors (AR) or inhibition of CD39 activity; 2) CD39-bearing T cells are over-represented in FL nodes, as compared with that seen in normal or reactive lymph nodes (RLN), as well as normal donor peripheral blood; 3) in contrast to what is seen and has been reported in peripheral blood, CD39 is expressed on both FOXP3 ϩ and FOXP3
Ϫ CD4 ϩ T cells, as well as on a subset of CD8 ϩ T cells in nodal tissue; and 4) increased proportions of CD39 ϩ T cells is associated with increased ATP hydrolysis to AMP in vitro. These results strongly suggest that the ATP-ectonucleotidase-adenosine system contributes to T cell anergy in a human tumor.
Materials and Methods

Abs for flow cytometry
The following fluorochrome-conjugated Abs were used for surface staining: CD39-PE-Cy7 (eBioscience); CD3-allophycocyanin, CD16-PE-Cy5, CD25-allophycocyanin, CD25-allophycocyanin-Cy7, CD39-FITC, CD39-PE, CD4-Alexa Fluor 700, CD4-allophycocyanin-Cy7, CD73-PE, and 7-aminoactinomycin D for viability determination (BD Pharmingen); CD3-PE-Cy5.5, CD8-PE-Texas Red, and CD14-Tri-Color (Invitrogen). The Ab used for intracellular staining was FOXP3-Alexa Fluor 488 (eBioscience).
Flow cytometry and cell sorting
Cryopreserved samples were thawed, washed once in PBS containing 1% FBS, and surface stained on ice, using specific fluorochrome-conjugated Abs. For intracellular FOXP3 staining, surface stained cells were fixed/ permeablized and stained for intracellular FOXP3 using the human Treg (FOXP3) staining kit (eBioscience), according to the manufacturer's recommendations. Stained cells were acquired on an LSR-II Flow Cytometer (BD Biosciences) with data analysis performed using FlowJo software (version 8.8.4; Tree Star). Discrete cell populations were gated based upon fluorescence intensity of the indicated markers as compared with the appropriate fluorescence minus one controls. All specimens analyzed underwent only one freeze/thaw cycle and a fresh sample was used for each experiment. For sorting of CD39 ϩ T cells, PBMC were stained with surface Abs, CD3-allophycocyanin, and CD39-PE (BD Biosciences) using DAPI (4Ј,6-diamidino-2-phenylindole; Invitrogen) as a vital stain, as described, and subjected to two-way flow cytometric sorting using a FACSAriaII cell sorter and FACSDiva software (version 6.1.1; BD Biosciences). The resultant sorted CD39 ϩ and CD39 Ϫ T cell populations were Ͼ90% CD39 ϩ and Ͻ2% CD39 ϩ , respectively, and each was Ͼ98% CD3
ϩ (data not shown).
Patient samples
Primary lymph nodes (malignant and nonmalignant reactive) were obtained from patients undergoing routine biopsy, whereas normal lymph nodes (NLN, nonmalignant, nonreactive) were obtained from patients undergoing vascular surgery, during which time obstructive lymph nodes are removed. Normal donor peripheral blood was obtained by venipuncture from separate individuals. Biopsy tissues were obtained from the Strong Memorial Hospital Surgical Pathology Laboratory (Rochester, NY) and maintained in sterile specimen containers on ice until processing. A histological diagnosis for each specimen received was obtained anonymously. All lymph node biopsy tissues and peripheral blood samples were obtained under an Institutional Review Board-approved protocol.
Cell isolation and separation
Lymph node biopsy tissues were mechanically separated, minced, and passed through a 70-m nylon mesh cell strainer under sterile conditions. The resultant single cell suspensions were washed with RPMI 1640 medium, counted, and cryopreserved for future analysis. Whole blood was obtained from normal donors by venipuncture and PBMC were isolated from the whole blood using Ficoll-Paque Plus, according to the manufacturer's instructions (Amersham Biosciences). The resultant PBMC were also cryopreserved for future analysis.
ATP consumption assay
Lymph node mononuclear cells (LNMC) or normal donor PBMC were cultured in AIM-V serum free medium in the presence of 10 M ATP. After a 30 min or 1 h incubation at 37°C, cell-free aliquots of medium were removed from the wells and immediately assayed, in triplicate, for ATP amounts using the CellTiter-Glo Luminescent Cell Viability Assay (Promega), read in a Fluoroskan Ascent FL luminometer (Thermo-Fisher Scientific) and relative luminescent units (RLU) for each sample was assessed using Ascent software (version 2.6). ATP amounts were compared with wells containing 10 M ATP but no cells and the percentage of ATP remaining for each condition was calculated using the following formula: (RLU of the sample Ϫ RLU of medium alone/RLU of 10 M ATP in medium with no cells Ϫ RLU of medium alone) ϫ 100. In the absence of cells, ATP quantities remained stable in AIM-V medium (readings at 0, 15, 30, and 60 min) with a Ͻ5% loss of ATP observed over the entire 1-h incubation period (data not shown). In addition, incubation of cells alone (at the highest concentration) for the entire 1 h of the assay, without the addition of exogenous ATP, did not result in the release of detectable levels of ATP into the medium (data not shown).
Functional assays
All functional experiments were performed in AIM-V serum-free medium to reduce the effects of adenosine deaminase present in serum. LNMC were cultured, in triplicate with exogenous ATP added (10 M) 
Statistical analysis
Data were expressed in terms of their average and SD. Comparison of proportions of cells with given phenotypic expressions as measured by flow cytometry across experimental conditions was conducted using the distributionfree Zc test (23) . The numbers of IFN-␥-or IL-2-producing cells across experimental conditions were compared using Friedman's distribution-free two-way ANOVA (24) . Intrapatient differences in number of IFN-␥-or IL-2-producing cells were assessed using t tests with unequal variances.
Results
Blockade of A 2A /A 2B but not A 1 AR abrogates T cell hyporesponsiveness within FL
As described, adenosine-dependent suppression of T cell responses is mediated through its binding to the T cell A 2A AR. In contrast, adenosine interaction with its A 1 receptor has no effect on T cell proliferation or cytokine production. Therefore, if adenosine is in fact a mediator of T cell anergy in FL, we would anticipate that inhibition of adenosine binding to the A 2A , but not the A 1 receptor would enhance cytokine production from T cells after stimulation.
To test this hypothesis, LNMC derived from patients with FL were stimulated with soluble anti-CD3 and anti-CD28 Abs after addition of exogenous ATP (see Materials and Methods) for 18 or 24 h (testing for IFN-␥ or IL-2 secretion, respectively), in the presence or absence of the selective A 2A antagonist SCH58261 or the selective A 1 antagonist CPX. In three of the six patient samples examined, coincubation with SCH58261 resulted in a statistically significant increase in the number of IFN-␥-producing cells (patient 1 and patient 5, Fig. 1 , A and B, respectively) or IL-2-producing cells (patient 2, Fig. 1D ) compared with that seen in the absence of the inhibitor. In contrast, coincubation with CPX had no effect on the number of cytokine-producing cells after stimulation in each of these patient samples. To further confirm this observation, we repeated the experiment in patient 2 using a selective antagonist of both the A 2A and the low affinity A 2B receptors, ZM 241,385. Similar to that seen with SCH58261, coincubation with ZM 241,385 resulted in a significantly greater number of IL-2-producing cells after stimulation than the number seen in the absence of the inhibitor (Fig. 1E) . Again, the selective A 1 receptor antagonist CPX had no effect on cytokine secretion. Together, these results suggest that engagement of the A 2A /A 2B AR contributes to FL-associated T cell hyporesponsiveness in a subset of FL patient samples. Cytokine production was similarly determined from anti-CD3/ anti-CD28-stimulated NLN-derived mononuclear cells in the presence or absence of the A 2A receptor antagonist SCH58261. In contrast to what was seen with the stimulated FL-derived mononuclear cells, there was no increase in either IFN-␥ production (5 of 5 nodes examined, Fig. 1C ) or IL-2 production (3 of 3 nodes examined, Fig. 1F ) in the presence of SCH58261; however, the differences between the FL and normal nodal T cells did not reach statistical significance.
Inhibition of ATP hydrolysis abrogates T cell hyporesponsiveness within FL
If adenosine, interacting through the A 2A , A 2B , or both receptors, is in fact mediating FL-associated T cell hyporesponsiveness, it would be anticipated that preventing the hydrolysis of ATP by the ecto-ATPase CD39, the rate limiting step of adenosine generation from extracellular ATP, would enhance T cell cytokine production after stimulation. Therefore, the effect of the CD39 antagonist ARL 67156 on the cytokine secretion of FL LNMC stimulated for 18 h by soluble anti-CD3 and anti-CD28 Abs in the presence of exogenous ATP was next evaluated. A statistically significant increase in IFN-␥ spot numbers was seen after anti-CD3 and anti-CD28 Ab stimulation of ARL 67156 treated cells relative to that seen with vehicle treated cells in two of five FL patient samples tested (Fig. 2, A and B) . As we observed in the earlier experiment using the AR antagonist SCH58261, stimulation of NLN-derived mononuclear cells in the presence or absence of ARL 67156 also had no effect on the numbers of IFN-␥-producing cells (3 of 3 nodes examined, Fig. 2C ). Taken together, these results further support the hypothesis that the ATP-ectonucleotidase-adenosine system is an integral part of the mechanism of tumor-associated immunosuppression in a subset of patients with FL.
Increased proportions of CD39 ϩ T cells infiltrate FL
Given our findings that CD39 contributes to the functional hyporesponsiveness of T cells infiltrating FL, we next examined CD39 expression on T cell populations within nodal tissue and PBMC.
As shown in Fig. 3, A ϩ T cells (Fig. 3, A and D) demonstrates that a significantly greater proportion of FL CD4 ϩ T cells expressed CD39 (23.17 Ϯ 3.97%) as compared with that seen on NLN and RLN (10.58 Ϯ 1.38% and 13.49 Ϯ 3.39%, respectively; p Ͻ 0.05). In addition, the proportion of nodal CD4 ϩ T cells (FL, NLN, and RLN) that expressed CD39 was significantly greater than that seen on normal PBMC CD4 ϩ T cells (3.40 Ϯ 1.12%, p Ͻ 0.01). As such, the proportion of CD3 ϩ T cells expressing CD39 is higher in nodal tissue than normal peripheral blood, and is higher in FL tissue as compared with that seen on NLN or RLN.
Percentage of CD3
ϩ CD4 ϩ CD39 ϩ T
cells expressing FOXP3
It has previously been shown that CD39 is expressed on both murine and human Tregs. Indeed, CD39 expression has been strongly associated with FOXP3 expression on human PBMC; however, to our knowledge the expression of CD39 on T cell populations from human secondary lymphoid tissue has not been characterized. In peripheral blood, we similarly found that CD39 expression is associated with FOXP3 expression as 75.20 Ϯ 4.03% of the CD4 ϩ CD39 ϩ cells coexpressed FOXP3 (Fig. 4, A and B) . In contrast, when nodal tissue was evaluated, only 54% of the CD4 ϩ CD39 ϩ cells expressed FOXP3 (Fig. 4, A and B) . high in peripheral blood is 54.15 Ϯ 3.53%, which is significantly greater than the percentage observed within the lymphoid tissues ( p Ͻ 0.01). As such, the proportion of CD4 ϩ CD39 ϩ T cells expressing CD25 and FOXP3 is higher in the peripheral blood than in nodal tissue. However, there was no difference seen in the FL, NLN, and RLN samples.
Percentage of CD3
Percentage of CD4
ϩ CD25 high FOXP3 ϩ T cells expressing CD39
We have previously shown that the percentage of CD3 ϩ T cells that are Tregs is greater in FL as compared with that in NLN and RLN using CD25 high and glucocorticoid-inducible TNF receptor to define Tregs (22) . We now extend these findings using CD25 high and FOXP3 to more accurately define the Tregs. As shown in Fig.  4, D 
CD25
high FOXP3 ϩ cells that expressed CD39 was similar in FL, NLN, and RLN, albeit greater than that seen on CD4 ϩ CD25 high FOXP3 ϩ cells from peripheral blood (Fig. 4F) , although this difference was not statistically significant. As such, the total burden of regulatory CD4 ϩ CD25 high FOXP3 ϩ cells that express CD39 is greater in the FL microenvironment compared with that of NLN, RLN, or PBMC, partially accounting for the increased proportions of CD4 ϩ CD39 ϩ T cells in FL as shown (Fig. 3D ).
CD73 expression on T cells infiltrating nodal tissues
Although CD39 has been reported to be the rate limiting step in the extracellular nucleotide catabolic pathway, the 5Ј-ectonucleotidase CD73 is required for conversion of pericellular AMP (generated in part as a result of ATP hydrolysis by CD39) into adenosine (21) . As such we examined CD73 expression on infiltrating T cells in nodal tissue and PBMC. As shown in Fig. 5A , there was no significant difference in the percentage of CD3 ϩ T cells that express CD73 ϩ in FL, NLN, or RLN. However, there is clearly a compartmental difference as there were a significantly greater proportion of CD3 ϩ T cells expressing CD73 in the PBMC samples as compared with those within the nodal tissue. Specifically 20.03 Ϯ 1.32% of the CD3 ϩ T cells expressed CD73 in the PBMC, whereas only 7.55 Ϯ 1.17%, 8.13 Ϯ 0.70%, and 11.57 Ϯ 1.11% of the CD3 ϩ T cells expressed CD73 in FL, NLN, and RLN, respectively (Fig. 5A ). In addition, there are nearly identical percentages of CD73-expressing CD8 ϩ T cells (Fig. 5B) within the nodal tissues, whereas there are greater percentages, albeit nonstatistically significant, of these CD8 ϩ CD73 ϩ T cells within PBMC ( p Ͼ 0.05). There are also nearly identical percentages of CD73-expressing CD4 ϩ T cells (Fig. 5C ) within the nodal tissues, whereas there are significantly greater percentages of the CD4 ϩ CD73 ϩ T cells within the PBMC ( p Ͻ 0.05). Taken together, the increased proportions of both CD8 ϩ and CD4 ϩ T cells expressing CD73 within the PBMC as compared with the nodal tissues accounts for the overall higher percentage of CD73-expressing T cells observed within the PBMC.
Lastly, although we show that CD73 ϩ T cells infiltrate FL, less than 5% of human CD4 ϩ CD25 high FOXP3 ϩ Tregs (in either secondary lymphoid tissues or PBMC) coexpress CD73 and CD39 (Fig. 5D ). This is in contrast to the reported findings that CD73 and CD39 are commonly coexpressed on murine Tregs (21) . In addition, we also show that within the CD8 ϩ T cell populations, coexpression of CD39 and CD73 accounts for less than 8% of the overall CD8 ϩ T cells, and none of these CD8 ϩ T cell populations (whether displaying single or dual expression of CD39, CD73, or both) express significant levels of FOXP3 (data not shown).
CD39 ϩ T cells hydrolyze ATP
For the increased CD39 expression on FL CD3 ϩ nodal T cells to be relevant to the FL-associated T cell hyporesponsiveness, it must be functional and hydrolyze extracellular ATP. As shown in Fig. 6 , both NLN and FL LNMC, as well as normal PBMC actively consume ATP in both a cell number (Fig. 6A) and time-dependent manner (Fig. 6B) . To confirm that the observed ATP consumption is in part mediated through CD39 ecto-ATPase activity, we determined whether ARL 67156, a selective ecto-ATPase antagonist, inhibited ATP consumption. As shown in Fig. 6C , ARL 67156 significantly inhibited ATP consumption by NLN and FL LNMC as well as by PBMC ( p Ͻ 0.05).
As is evident from Fig. 6B , an equal number of LNMC from different FL patient samples differed in the degree of ATP consumption. Therefore, we determined whether the degree of ATP consumption is associated with the percentage of the LNMC T cells expressing CD39. As shown in Fig. 6D , LNMC from FL samples exhibiting higher proportions of CD39 ϩ T cells (measured as a percentage of total lymphocytes) consumed more ATP per LNMC, as compared with consumption seen with NLN, PBMC, or even other FL having a significantly lower proportion of LNMC T cells expressing CD39.
To further confirm that ATP consumption is directly associated with the proportion of T cells expressing CD39, CD39
ϩ , and CD39
Ϫ , T cells were sorted from normal donor PBMC and the degree of ATP consumption was determined on a one to one cell basis. Normal donor PBMC, rather than FL LNMC, were used for these studies, due to the difficulty in obtaining a sufficient number of sorted LNMC from FL biopsy specimens. As shown in Fig. 7 , CD39 ϩ T cells consumed ATP in a time-and cell number-dependent fashion. In addition, ATP consumption by the CD39 ϩ T cells was partially inhibited by ARL 67156 ( p Ͻ 0.05), supporting the role of CD39 in the hydrolysis of ATP in this assay. In contrast, CD39
Ϫ T cells demonstrated no detectable ATP consumption, regardless of cell number, at either 30 min or 1 h. Taken together these data suggest that the increased proportion of CD39-bearing T cells in FL is associated with greater ATP consumption.
Discussion
Accumulating evidence over the past several years directly lends support to the concept of tumor immune surveillance (26 -28). Despite this concept, antitumor effector cells coexist with the tumor within its microenvironment in such a fashion that spontaneous tumor regression is rare, a phenomenon known as the "Hellstrom Paradox" (29) . The explanation for such a paradox is becoming clear as the multitude of mechanisms that tumors used to evade immune surveillance is being defined (1, 30 -33) .
To optimally understand such mechanisms in human malignancy, it is imperative, however, that phenotypic and functional studies be performed on cells obtained directly from the tumor microenvironment: for FL, that environment being the malignant lymph node. As many lymph node biopsies today are being performed using core biopsy needles, rather than by incisional or excisional biopsy, the amount of tumor obtained is minimal. Indeed, after the pathologist takes from this sample what is necessary to make a definitive diagnosis, the number of remaining cells available for our studies becomes significantly less. Therefore, we cannot perform all of the studies that would be of interest, or larger studies on a greater number of patient samples due to sample availability. Indeed, the importance of doing human studies to elucidate immune responses in tumor microenvironments, and the intrinsic and extrinsic limitations imposed on such studies, are eloquently discussed in Steinman and Mellman (34) . Despite these limitations, however, the combination of both functional and phenotypic data obtained from the FL samples, especially when compared with that of parallel studies on reactive and normal human lymph nodes, provides important insights into the mechanisms of immune suppression within the lymphoma microenvironment.
T cells express the G protein-coupled high affinity A 2A or the low affinity A 2B AR (35) . Engagement of the A 2A receptor by adenosine results in an increase in intracellular cAMP, which antagonizes TCR signaling thereby inhibiting T cell proliferation and cytokine release (36, 37 ). Indeed, that T H 1, T H 2, and effector CD8 ϩ T cells have a higher density of A 2A receptors than naive or memory T cells, suggests that the T cell subsets directly involved in an active ongoing immune response are the most susceptible to adenosine-mediated suppression (6, 37) .
We show in 3 of 6 FL samples studied, that activation of the tumor-infiltrating T cells in the presence of an A 2 receptor antagonist results in a greater number of cytokine-secreting T cells than that seen in the absence of the antagonist. Given the multitude of immune suppression mechanisms elaborated within the FL microenvironment, it was surprising that blocking a single pathway, (i.e., adenosine binding to its receptor), had such a profound effect in three patient samples, suggesting that adenosine-mediated suppression is a major contributor to T cell hyporesponsiveness in these patients. In contrast, the fact that no significant effect was seen in the other three patient samples studied does not necessarily mean that adenosine played no role in immune suppression, but rather, it might not be playing a dominant role. It is of interest that the three "responding" patients (patient nos. 1, 2, and 5) had no prior treatment for their FL and the three "nonresponding" patients (patient nos. 3, 4, and 6) had prior treatment for their lymphoma (i.e., the biopsy was done at relapse or progression). Whether treatment changes the tumor microenvironment in such a fashion so to alter the immunosuppressive networks will require study of a larger number of both previously untreated and treated patient biopsy specimens.
One mechanism responsible for pericellular adenosine accumulation is by the diffusion, or transport, of intracellular adenosine to the extracellular space through as yet undefined mechanisms (15). Tumor associated hypoxia may play a role in this, as the hypoxiainducible HIF-1␣ inhibits adenosine kinase, resulting in an increase in intracellular adenosine and its subsequent transport to the extracellular space (38) . Indeed, in murine tumor models, there exists an adenosine gradient, with the pericellular concentration of adenosine being greater in the center of the tumor than that seen in normal tissue (9, 39) . A second mechanism for pericellular adenosine generation is through the hydrolysis of extracellular ATP. Pericellular ATP is derived from cytoplasmic leakage of damaged or lysed cells, as well as upon T cell and monocyte activation in the tumor microenvironment (40, 41) . The rate limiting step for adenosine generation from ATP is its hydrolysis to AMP by the ecto-ATPase activity of CD39 (21) . AMP is then rapidly degraded to adenosine by CD73 (14) . It is evident from our studies that ATP hydrolysis is a critical step in FL-associated immune suppression in some cases, as T cell hyporesponsiveness can be reversed in a subset of patients by inhibiting the enzymatic activity of CD39. Furthermore, our finding that the proportion of CD39-expressing cells in both CD4
ϩ and CD8 ϩ T cell populations is higher in FL nodes compared with that seen in other nodal tissue or peripheral blood provides further support for the relevance of adenosine as a mediator of immune suppression in FL. However, the mechanism through which CD39 is up-regulated on FL infiltrating T cells is yet to be defined. Indeed, we are further exploring whether hypoxia induces CD39 expression on T cells similar to what has been shown on endothelial cells (42) . If so, perhaps tumor-related hypoxia plays a role in the modulation of CD39 expression on T cells.
To complete the enzymatic process, AMP generated by CD39 is further hydrolyzed to adenosine by the 5Ј-ectonucleotidase CD73. In contrast to previously reported findings that murine Tregs express both CD39 and CD73, we only find a subset of CD3 ϩ
CD4
ϩ CD25 high FOXP3 ϩ Tregs that coexpress CD73 and CD39 (less than 5% on average) in human nodal tissue or peripheral blood. However, similar to what has been previously described we do show that a subset of both CD8 ϩ and CD4 ϩ FL-infiltrating T cells expressed CD73. We anticipate that these CD73-bearing T cells, as well as the CD73 expressed on endothelial cells, follicular dendritic cells, and several subsets of B cells, would hydrolyze AMP to adenosine. In contrast to what was found with CD39 expression, there was no significant difference in the proportion of FL T cells expressing CD73 compared with that seen in NLN or RLN. In addition, the proportion of CD3 T cells expressing CD73 was higher in normal donor peripheral blood suggesting a divergent pathway of regulation for CD39 and CD73 expression.
In addition to showing that the proportion of T cells bearing CD39 is highest in FL nodal tissue, we show that the proportion of CD39-bearing T cells is directly related to the degree of ATP hydrolysis. It is anticipated that the increased ATP hydrolysis seen in FL nodes would lead to an increase in pericellular adenosine, which we hypothesize to contribute to T cell hyporesponsiveness in a subset of FL patient samples. However, ATP is also a proinflammatory mediator that would alter the tumor microenvironment in such a way as to augment an antitumor immune response. For example, ATP induces DC chemotaxis and maturation, and induces IL-1 expression from monocytes (16 -18, 40) . In addition, Tregs have been shown to be more sensitive to ATP-induced cell death than any other T cell subset (19) . Taken together, ATP hydrolysis by CD39 would be expected to subvert an antitumor immune response independent of its adenosine mediated immune suppression. Finally, that ATP may modulate the immune response is further supported by the recent findings that ATP may induce the differentiation of proinflammatory TH17 cells (43) .
In summary, we show that inhibiting the A 2A receptor, results in an increase in cytokine secretion from normally hyporesponsive FL T cells after stimulation in 50% of the patient samples studied. In contrast, we saw no evidence of augmented cytokine production from normal lymph node T cells upon stimulation. This supports the notion that adenosine is a mediator of immune suppression in FL. In further support of this notion, we show that the proportion of T cells (CD4 ϩ FOXP3 Ϫ , CD8 ϩ , and CD4 ϩ FOXP3 ϩ Tregs) bearing CD39 (which catalyzes the rate limiting step in adenosine generation) is higher in FL compared with that seen in normal lymph nodes. We further show that CD39 on FL T cells is functionally active and hydrolyzes ATP, generating AMP, which is then available for conversion to adenosine by CD73. Finally, we show that inhibition of CD39 with the CD39 antagonist ARL 67156 abrogates cytokine secretion after stimulation in 2 of 5 FL samples tested, providing further support for the functional importance of CD39 in immune suppression in a subset of patients with FL.
As we performed our studies using unfractionated cells, we cannot exclude the possibility that CD39 is present on the malignant B cells (as CD39 has been shown to be expressed on B cells (44) ) and that this contributes to adenosine generation in our assay. However, in vivo it is likely that both CD39 and CD73 expressed on FL T cells, as well as on other cells in the tumor microenvironment, including the malignant B cells, act in "trans-mode" to generate adenosine from ATP/ADP.
Taken together, the data support the hypothesis that the ATP-CD39-adenosine-A 2A receptor pathway is one mechanism for T cell hyporesponsiveness in FL. Indeed, to our knowledge, this is the first demonstration that this pathway is immunologically significant in any human tumor. The data also suggest that pharmacological inhibition of CD39 ecto-ATP-diphosphohydrolase activity or blockade of the adenosine-A 2A receptor interaction may be rationale strategies to enhance the efficacy of immunotherapeutic treatment approaches for patients with FL.
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